A simulation model to describe the austenite-to-ferrite transformation in the deformed austenite phase is developed using the crystal plasticity finite element and multi-phase-field methods. Using the developed model, we simulate the plastic deformation behavior of the polycrystalline austenite phase during plane strain compression and the subsequent isothermal austenite-to-ferrite transformation. The ferrite nucleation behaviors on the elongated austenite grain boundary and the deformation bands formed in the austenite grain are estimated on the basis of the classical nucleation theory. In this study, the effects of plastic deformation of the austenite phase and the holding temperature on the transformation kinetics and the ferrite grain size are investigated. The simulation results show that transformation is accelerated with an increase in the strain in the austenite phase. Furthermore, it is confirmed that ferrite grain refinement occurs by the enhancement of ferrite nucleation within the deformed austenite grain interior and by the suppression of ferrite grain growth due to hard impingement.
Introduction
The size and distribution of ferrite grains strongly affect the mechanical properties of steels. For example, the tensile strength and the ductile failure behavior of ferrite + martensite dual-phase (DP) steel are largely characterized by the volume fraction and distribution of the ferrite phase. [1] [2] [3] It is also well-known that ferrite grain refinement by thermomechanical processing is quite an effective method of improving the strength of steel. Therefore, it is important to control the morphology of the ferrite phase by controlling the austenite-to-ferrite transformation behavior in the deformed austenite phase. However, since austenite-toferrite transformation is influenced by many factors such as chemical composition, temperature, and austenite grain size, it is difficult to predict the transformation behavior and microstructure only by experiments.
On the other hand, in the past few decades, considerable efforts have been made to predict the austenite-to-ferrite transformation from the deformed austenite phase using numerical approaches. [4] [5] [6] For example, Umemoto et al. 7) developed a kinetic equation describing diffusional transformations in the deformed austenite phase and discussed the effects of rolling reduction and austenite grain size on the transformation kinetics. Further, Suehiro et al. 8) proposed a numerical model for predicting the phase transformations in low carbon steels, based on Cahn's theory. They obtained excellent agreements between the experimental and the calculated results. However, the microstructural morphology, which is very important for predicting the mechanical properties of steel, could not be predicted because the transformation kinetics were described in terms of the volume fraction of the new phase in such previous studies.
Recent developments in computer performance and numerical modeling techniques have facilitated the proposal of various methods of simulating the morphological microstructure changes during phase transformations in steels. Lan et al. 9) simulated the austenite-to-ferrite transformation in low carbon steel during the continuous cooling process using the cellular automaton (CA) method. Furthermore, Xiao et al. 10) proposed a coupled simulation method to predict the austenite-to-ferrite transformation from the deformed austenite phase by combining the crystal plasticity finite element method (CPFEM) with the Monte-Carlo (MC) method. In the above studies, the effects of plastic deformation and the cooling rate on the transformation kinetics and distribution of the ferrite grains were successfully investigated. However, unfortunately, these methods have limitations, as the CA method cannot describe curvature-driven interface migration and the MC method cannot correctly account for timescales.
The phase-field method has been actively studied as an ISIJ International, Vol. 52 (2012), No. 4
innovative numerical approach for simulating microstructure evolutions in materials. 11, 12) In particular, the multiphase-field method (MPFM) is utilized as a powerful simulation tool to predict various microstructure evolutions in polycrystalline materials. 13, 14) MPFM has the advantages of simulating the morphological change of the microstructure and describing grain boundary migration due to the interface curvature by introducing an order parameter. Moreover, realistic time and space scales can be taken into account. Therefore, we can perform better quantitative prediction of the austenite-to-ferrite transformation using MPFM than is possible with the CA and the MC methods.
In this paper, we develop a numerical simulation model to describe the plastic deformation behavior of the austenite phase and the isothermal austenite-to-ferrite transformation in the deformed austenite phase by coupling CPFEM with MPFM. The effects of plastic deformation of the austenite phase, the holding temperature on the transformation kinetics, and the morphology of the ferrite phase are investigated by means of numerical simulations using the developed model.
Simulation Procedure
The simulation procedure of our model is as follows. First, the plane strain compression of the polycrystalline austenite phase is analyzed by the CPFEM, based on the strain gradient crystal plasticity theory, in order to investigate the plastic deformation behavior of the Fe-C alloy during plastic forming below its recrystallization temperature. Second, by using the calculated distributions of the crystal orientation and the stored energy density, the ferrite nucleation rates on the nucleation sites in the deformed austenite phase are estimated on the basis of the classical nucleation theory. Finally, the austenite-to-ferrite transformation during isothermal holding is simulated with the estimated ferrite nucleation condition. We briefly summarize the strain gradient crystal plasticity theory, the classical nucleation theory, and the multi-phase-field method used in this study in the following sections.
Strain Gradient Crystal Plasticity Theory
In order to investigate the plastic deformation behavior of the polycrystalline austenite phase with CPFEM, we employ the following constitutive equation derived from the strain gradient crystal plasticity theory: [15] [16] [17] . 19) ................. (9) Here, , μ, , and ωαβ are the initial CRSS, the shear elastic modulus, the magnitude of Burgers vector, and the dislocation interaction coefficient, respectively. a is a numerical factor of the order of 0. Here, c is a parameter, and the GN dislocation density is evaluated as ............ (12) where and are the edge and the screw components of the GN dislocation density, respectively. These quantities are described by the following equations: By using the distributions of this stored energy density and the crystal orientation in the deformed austenite phase, we can perform a physically based estimation of the ferrite nucleation behavior.
Estimation of Ferrite Nucleation on the Basis of
Classical Nucleation Theory According to the previous studies of the ferrite nucleation behavior, [21] [22] [23] it is well known that nucleation on the austenite grain boundary corner is most favored, followed by the grain boundary edge and the grain boundary face. Moreover, the deformation band and dislocations inside the deformed austenite grain are potential ferrite nucleation sites. Therefore, we calculate the nucleation rate of the ferrite phase for the abovementioned nucleation sites on the austenite grain boundary and on the deformation bands.
On the basis of the classical nucleation theory, the nucleation rate of the ferrite grain on the preferential and potential nucleation sites can be described by the following equation: 24) ........ (16) Hereafter, index i indicates the type of nucleation site, that is, the grain boundary corner (i = c), edge (i = e), face (i = f), and the deformation band (i = d). Cγ is the average carbon concentration in the austenite phase, and T is the temperature of the system. (17) where N i is the number of ferrite nucleation sites calculated from the CPFEM analysis. S is the area of the computational domain, and Z and k are the Zeldovich parameter and the Boltzmann constant, respectively. β * is the frequency coefficient, which is often related to the carbon diffusion coefficient in the austenite phase, Dγ. 8) In this study, β * is assumed to be described as β * = λDγ, with a fitting parameter λ and Dγ used in MPF simulation. However, because the form of Dγ is not appropriate to describe temperature dependency of β * , we use the value of Dγ at T = 1 000 K as an input parameter to Eq. (16) . Furthermore, Δg i (Cγ , T) is the activation energy of nucleation, which is given by the following equation: 25) .................. (18) Here, is a geometric coefficient of the nucleation site i, which represents the difference between the added and the removed interfacial energy due to nucleation at various sites. 25, 26) The chemical driving force for ferrite nucleation, ΔGV (Cγ, T), can be evaluated from the chemical free energy of the Fe-C alloy based on the CALPHAD method, 27) as shown in Fig. 1 . However, the calculation of ΔGV (Cγ, T) for all temperature ranges is quite time consuming. Therefore, in order to reduce the computational time, ΔGV (Cγ, T) is calculated using the following linear equation of Cγ and T:
............ (19) where gradient m(T) and coefficient ΔGV 0 (T) are evaluated from the chemical free energy of the Fe-C alloy. The carbon concentration in the austenite phase increases during the austenite-to-ferrite transformation; therefore, we calculate the average value of the carbon concentration in the austenite phase, Cγ, for each step of the MPF simulation. With the calculated Cγ and a given T, the chemical driving force for ferrite nucleation, ΔGV (Cγ, T), can be calculated. The parameters of Eq. (19) for each temperature regime are listed in Table 1 .
Using Eq. (16), the time interval of ferrite nucleation for each nucleation site is given as ..... (20) In order to calculate Eq. (20), the density of the nucleation sites,
is determined from the number of crystal grains, n, which is calculated by MPFM simulation and misorientation Δθ obtained by the CPFEM analysis for each computational grid. It should be noted that since a ρ γ two-dimensional simulation is performed in this study, we assume that the grain boundary corner and the edge correspond to quadruple points and triple points of the grain boundary, respectively. According to the experimental observation of ferrite nucleation by Landheer et al., 22) ferrite nucleation on the austenite grain boundary with large misorientation is more efficient than that on the grain boundary with small misorientation. Therefore, we define the computational grid where the following condition is satisfied as a preferential ferrite nucleation site on the austenite grain boundary corner: n = 4 and Δθ > 10°. Similarly, the conditions for the preferential ferrite nucleation site are defined as n = 3 and Δθ > 10° for the grain boundary edge and n = 2 and Δθ > 10° for the grain boundary face.
On the other hand, as mentioned above, deformation microstructures, such as dislocation, dislocation cell, and subgrain, in the deformed austenite phase, have the potential to become ferrite nucleation sites. 28, 29) Therefore, it is thought that those regions where the stored energy density and the misorientation are greater than the critical values Ecri and Δθcri are potential nucleation sites. The critical values are assumed to be Ecri = 5 MPa and Δθcri = 10°. Furthermore, we assume that ferrite nucleation begins at the nucleation site that has the highest stored energy density among the estimated nucleation sites.
Although there are still discussions about the shape of a ferrite nucleus, in this study, it is assumed to be spherical with a radius of r = 2 μm. It is also well known that some crystallographic orientation relationships are observed between the ferrite nucleus and the parent austenite phase, such as the Kurdjumov-Sachs and Nishiyama-Wasserman orientation relationships. 30 ) However, we assume that the crystal orientation of the ferrite nucleus is random and that the growth of the ferrite grain is isotropic.
Multi-Phase-Field Method
The isothermal austenite-to-ferrite transformation in the deformed austenite phase is simulated by the generalized MPFM proposed by Steinbach et al. 31, 32) In this model, the total free energy of the system, G, is defined as the GinzburgLandau free energy functional, which is given by the sum of the gradient energy, the potential energy, and the bulk free energy as follows: (22) where n is the number of the phase fields at an arbitrary point and is given by . Here, ξi is defined as ξi =1 in a region 0 < φi ≤ 1, and ξi = 0 in other regions. Therefore, as mentioned above, n represents the number of crystal grains on each computational grid point. The third term on the right-hand side of Eq. (22) is the phenomenological driving force for the transformation. The magnitude of the driving force, ΔEij, is given by the sum of the chemical driving force and the stored energy density obtained by the CPFEM analysis: ΔEij = ΔEchem + Estore. The chemical driving force is described as ΔEchem = ΔS ΔT at the austenite/ferrite interface, where ΔS and ΔT are the entropy difference between the ferrite and austenite phases and the undercooling, respectively.
33) The mobility of the phase field, Mφ, is related to the austenite/ferrite grain boundary mobility, Mα/γ, and the inter- where Mα/γ 0 and Qα/γ are the pre-exponential factor and the activation energy of the austenite/ferrite grain boundary mobility, respectively, and R is the gas constant.
To simulate the diffusion of carbon atoms during the austenite-to-ferrite transformation, the total carbon concentration C is defined as a linear function of the local carbon concentration ci weighted by the phase-field variables φi. The local carbon concentration is given by .
Here, ki is the partition coefficient of the carbon atoms.
Hereafter, for simplicity, we consider an austenite + ferrite two-grain system. Therefore, when φ1 and φ2 correspond to the ferrite and the austenite phases, respectively, the total carbon concentration C is written as (26) where Di is the diffusion coefficient of carbon atoms in the i th grain. Here, since φ1 and φ2 are the phase-field variables for the ferrite and the austenite phases, D1 and D2 correspond to the diffusion coefficients of the carbon atom in the Here, Di 0 and Qi (i = α or γ) denote the pre-exponential factor and the activation energy of the carbon diffusion coefficient in the i th phase, respectively. In this study, undercooling ΔT and the partition coefficient ki are evaluated using a linearized phase diagram. (30) for the boundary between the austenite region and the austenite + ferrite two-phase region. Here, mα/γ and mγ/α are the gradients of these boundary lines. The parameters for Eqs. (29) and (30) are listed in Table 2 . ΔT is expressed below using Eqs. (29) and (30) Here, Cγ/α is the total carbon concentration at the austenite phase side on the austenite/ferrite interface. Furthermore, when the i th grain and the j th grain are the ferrite phase and the austenite phase, respectively, the partition coefficient ki is described using Eqs. (29) and (30) 
Results and Discussion
In this section, the plastic deformation behavior of the polycrystalline austenite phase during plane strain compression is initially presented. Then, we explain the ferrite nucleation behavior estimated using the calculated distributions of the crystal orientation and the stored energy density. Next, the isothermal austenite-to-ferrite transformations in the deformed austenite phase with different strains at several holding temperatures are shown. On the basis of the results of the MPF simulations, the effects of plastic deformation and holding temperature on the transformation kinetics and the ferrite grain size are discussed.
Plastic Deformation of the Austenite Phase and
Ferrite Nucleation Behavior Figure 3 shows the two-dimensional simulation model used to investigate the plastic deformation behavior of the austenite phase during plane strain compression. The computational region is discretized with 128 × 128 crossedtriangle elements. The size of the finite element is set as ΔX = ΔY = 1.0 μm. Since a two-slip system 34) is assumed for simplicity, the crystal orientation is defined by the rotation angle θ, as shown in Fig. 3(b) . The initial polycrystalline structure of the austenite phase consists of twenty crystal grains with random crystal orientations. The system is vertically compressed and horizontally elongated up to a strain of 0.2 at a strain rate of 10 -3 s -1 . In this study, we employ the periodic boundary condition. The temperature during deformation is assumed to be lower than the recrystallization temperature. The plastic deformation behavior of the austenite phase in high temperature regions has not been clarified; therefore, the material constants and parameters used in this analysis are assumed, as shown in Table 3 . Figure 4 shows the calculated distributions of the crystal orientation and the stored energy density in the austenite phase deformed up to strains of 0.1 and 0.2. As indicated by arrows in Fig. 4(b) , highly misoriented regions are formed and the stored energy density is increased with an increase in the applied strain. It can be seen that the stored energy density in the austenite phase is distributed quite heterogeneously. In particular, the stored energy density tends to concentrate near the austenite grain boundary because of the accumulation of dislocations. Figure 5 shows the misorientation map in the deformed austenite phase, which clearly shows that the misoriented regions increase with an increase in the strain, as indicated by arrows in Fig. 5 . From these figures, we can also see that regions with high stored energy density and large misorientation are formed in some austenite grain interiors. This indicates that deformation bands are introduced within the interior of the austenite grain by plastic deformation.
As shown in Fig. 4 , the austenite grain boundary is elongated by plastic deformation. This phenomenon is quite important for understanding the ferrite nucleation behavior in the deformed austenite phase. Figure 6 shows the lengths of the austenite grain boundary corner, edge, face, and the deformation band for different strains. When the strain is increased to 0.2, the length of the grain boundary face particularly increases to almost 1.5 times that of the initial state. It is also seen that the increase in the deformation band is greater than that of the austenite grain boundary. Table 4 lists the number and densities of the ferrite nucleation sites, calculated using the results of the CPFEM analysis. From this result, we can predict that although ferrite nucleation on the austenite grain boundary is dominant at a strain of 0.1, nucleation at the deformed bands is strongly enhanced with an increase in the strain.
Isothermal Austenite-to-Ferrite Transformation in
the Deformed Austenite Phase The effects of plastic deformation of the austenite phase on the transformation kinetics and the microstructural features are investigated using MPF simulation. The calculated distributions of the crystal orientation and the stored energy densities of the finite elements used in the CPFEM analysis Table 5 . In reality, although the interfacial energy depends on the crystal orientation relationship between the ferrite phase and the austenite phase, the interfacial energy is assumed to be constant for all interfaces. It should be noted that the geometry coefficient of the nucleation site on the grain boundary is found in the published works of Thiessen et al. 25) and Offerman et al. 26) The coefficient of the deformation band, ψ d , is assumed to be the same as that of the grain boundary face, ψ g .
Effect of Plastic Deformation of the Austenite Phase
In order to investigate the effects of plastic deformation Fig. 8 . Evolutions of (a) crystal grain and (b) carbon concentration during isothermal austenite-to-ferrite transformation at 1 000 K for a strain of 0.1. Fig. 9 . Evolutions of (a) crystal grain and (b) carbon concentration during isothermal austenite-to-ferrite transformation at 1 000 K for a strain of 0.2. of the austenite phase on the transformation kinetics and the ferrite grain size, the deformed austenite phases with strains of 0.1 and 0.2 were subjected to isothermal holding at 1 000 K for 32 s. Figure 7 shows the simulated variations of volume fraction of the ferrite phase. It is clearly shown that plastic deformation of the austenite phase accelerates the transformation. Figure 8 shows the microstructural evolutions and carbon concentration during the transformation for a strain of 0.1. The ferrite grains nucleate in the deformed austenite phase quite heterogeneously. In particular, it can be seen that the ferrite grains nucleate not only along the austenite grain boundary but also on the deformation band within the interior of the austenite grain. The nucleated ferrite grains grow into the austenite phase with carbon diffusion. In this simulation, the anisotropy of the interfacial energy of the ferrite/austenite grain boundary is not included. However, the newly formed ferrite grain is irregularly shaped because of the contribution of the stored energy density. Figure 9 shows the simulated microstructure evolution in the deformed austenite phase for a strain of 0.2. Ferrite nucleation is concentrated on the austenite grain boundary with high stored energy density and large misorientation, in a similar manner to the transformation behavior shown in Fig. 8 . However, as expected from the previous section, formation of the ferrite grain is enhanced at the grain boundary face and the deformation band, with an increase in the strain. It is interesting to observe that dense clusters of intragranular ferrite grains are formed in the largely deformed These simulation results indicate that ferrite grains are refined by the increase in strain, although the ferrite grain size is slightly dispersed in both cases. According to the above results, the effects of plastic deformation of the austenite phase on the transformation kinetics and microstructure can be summarized as follows. First, the stored energy density in the austenite phase introduced by plastic deformation accelerates the transformation. Second, plastic deformation of the austenite phase results in the elongation of the austenite grain boundary and the formation of the deformation band. This behavior enhances ferrite nucleation on the austenite grain boundary and within the austenite grain. Consequently, ferrite grain refinement occurs by the formation of the intragranular ferrite and hard impingement. This simulated mechanism of ferrite grain refinement is qualitatively consistent with previous knowledge and experimental results. 37) 
Effect of Holding Temperature
In order to investigate the effect of the holding temperature on the transformation kinetics and microstructure, the austenite phase was deformed up to a strain of 0.2 and subjected to isothermal holding at different holding temperatures. The temperature was varied from 1 080 K to 950 K. Figure 11 shows the evolution of the microstructure during isothermal transformation at 1 080 K. The growth of the ferrite grain becomes dominant as the ferrite nucleation rate decreases, given low undercooling conditions. The size of the formed ferrite grain increases because the formation of the intragranular ferrite grain and hard impingement are largely suppressed. Figure 12 shows the evolution of the microstructure during isothermal transformation at 950 K. The large undercooling increases the chemical driving force for nucleation. Therefore, ferrite nucleation is enhanced not only on the austenite grain boundary but also on the deformation bands. Ferrite grain growth is prevented by decreasing the ferrite/austenite interface mobility at low holding temperatures. As a result, a significant refinement of the ferrite grain is observed.
The TTT curves are calculated on the basis of the simulation results of isothermal transformations at different holding temperatures, as shown in Fig. 13 . As mentioned above, higher holding temperatures enhance ferrite grain growth and suppress ferrite nucleation. Therefore, the TTT curves are shifted to longer times as the holding temperature increases. On the contrary, the TTT curves in lower temperature regimes are also shifted to longer times, because a reduction in the holding temperature enhances nucleation and suppresses grain growth. Consequently, the developed model can reproduce the characteristic nose of the TTT curves. It should be noted that the Widmanstätten ferrite and the pearlite phase could be formed at lower temperature regimes, although the allotriomorph ferrite is the dominant morphology of the ferrite phase in higher temperature regimes. The formation of the Widmanstätte ferrite and the pearlite can be simulated using the phase-field method; 38, 39) however, these microstructure formations are not included in this study. Figure 14 shows the relationship between the holding temperature and the mean diameter of the ferrite grain. The volume fraction of the ferrite phase is constant at Vf = 20% for all holding temperatures. The mean diameter of the ferrite grain tends to reduce with a decrease in the holding temperature, except at 1 050 K. This tendency is attributed to the increase in ferrite nucleation by a large undercooling, as evidenced by the morphology of the microstructure, shown in Fig. 15 . However, hard impingement among the intragranular ferrite grains formed within the austenite grain interior is enhanced at 1 050 K; therefore, the average ferrite grain size decreases to 7.07 μm, which is as small as that at 950 K. The above results confirm that controlling the nucleation and grain growth behaviors by changing the holding temperature is one of the most effective ways of controlling the ferrite grain size.
Conclusions
In this study, we have developed a numerical model to simulate the isothermal austenite-to-ferrite transformation in the deformed austenite phase by using a combination of the crystal plasticity finite element method and the multi-phasefield method. In our model, the position and density of the ferrite nucleation sites in the deformed austenite phase were determined from the results of the plane strain compression of the austenite phase with CPFEM. The ferrite nucleation rate for each nucleation site was estimated using the classical nucleation theory. Furthermore, the austenite-to-ferrite transformation in the deformed austenite phase during isothermal holding was simulated by MPFM, under the estimated nucleation conditions. We investigated the effects of plastic deformation of the austenite phase and holding temperature on transformation kinetics and the ferrite grain size by means of numerical simulations.
The simulation results clearly indicated that ferrite nucleation strongly increased with an increase in strain. This was evidenced by an increase in the austenite grain boundary region by the elongation of the austenite grain and the introduction of deformation bands by plastic deformation. Regarding the effect of the holding temperature on the transformation behavior, we found that a large undercooling enhanced ferrite nucleation within the deformed austenite grain, which promoted the hard impingement of the intragranular ferrite grains and suppressed ferrite grain growth.
From these results, we were able to confirm that the essential factors for refinement of ferrite grain size are as follows: (1) an increase in the number of potential nucleation sites within the interior of the austenite grain by plastic deformation, (2) an increase in the nucleation rate due to a large undercooling, and (3) the suppression of ferrite grain growth by hard impingement. Although these findings are similar to those of previous studies, 40, 41) it should be emphasized that the practical advantages of the developed simulation model lie in its ability to describe the nucleation and growth behaviors of the ferrite phase during isothermal austenite-to-ferrite transformation in the deformed austenite phase, as well as to provide us with helpful image information for controlling the morphology of the microstructure.
